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Abstract—This letter proposes the usage of orbital angular
momentum (OAM) for cooperative non-orthogonal multiple access
(CNOMA) to enhance sum capacity (SC) for the future cellular
communication system. The proposed CNOMA-OAM scheme is
analyzed and compared with other schemes, i.e., conventional
CNOMA, conventional orthogonal multiple access (OMA) with
OAM. The impact of the power allocation factor for OAM beam
over SC is also analyzed. The analytical result is justified by
simulation results which demonstrate that the proposed CNOMA-
OAM provides higher SC compared to other schemes.
Index Terms—Orbital Angular Momentum (OAM), cooperative
non-orthogonal multiple access (CNOMA), orthogonal multiple
access (OMA), sum capacity.
I. INTRODUCTION
Channel capacity becomes an important criterion as the
next generation of wireless communications are expected to
handle a 1000-fold increase in data traffic [1]. Power domain
non orthogonal multiple access (NOMA) provides higher ca-
pacity gain than other conventional multiple access methods.
Power-domain NOMA allows different information signals to
be super-positioned and transmitted to several users symbol
simultaneously. Information signals for the cell center user
(CCU) and the cell edge user (CEU) are differentiated by power
allocation level [2]. Cooperative NOMA (CNOMA) enhances
data reliability and coverage area by utilizing CCU as a relay
for CEU. CCU decodes its own signal by SIC. It also decodes
the symbol of CEU and relaying to the CEU to enhance
reliability [3]. There have been works on CNOMA to improve
the channel capacity. Previous works proposed the use of user
pairing [4], the combination of orthogonal multiple access
(OMA) and NOMA [5], integration of generalized space shift
keying (GSSK) with NOMA [6], and the use of coordinated
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multiple points (CoMP) and NOMA [7]. There is a huge
potential to utilize orbital angular momentum (OAM) signal
to improve the sum capacity (SC) of CNOMA. OAM utilizes
a new degree of freedom which is known as OAM mode for
signal transmission [8-9]. OAM exploits the phase variation
with respect to the azimuth angle of the propagated electro-
magnetic waves. This leads to the helical phase structure of the
wave. The considered interplay between CNOMA and OAM
is named as CNOMA-OAM in this letter. The contribution of
this letter can be summarized as follows.
• A CNOMA-OAM is proposed to enhance the SC.
• Mathematical analysis is presented to inspect the SC of
CNOMA-OAM scheme.
• The impact of allocated power of OAM beam over the
SC is analyzed.
• Performance comparison in terms of SC for CNOMA-
OAM method against conventional CNOMA and OMA-
OAM over Rician fading channel is also analyzed.
The rest of this letter is organized as follows. Section II
describes the system model and the proposed CNOMA-OAM.
The other schemes are also presented in this section. Section
III mathematically analyzes the SC of the proposed CNOMA-
OAM. Section IV exhibits simulation results. This paper is
concluded in Section V.
II. SYSTEM AND PROTOCOL DESCRIPTIONS
The proposed CNOMA-OAM for down-link (DL) commu-
nication is presented in Fig. 1. A base station (BS) and two
users, i.e., a cell center user (CCU) and a cell edge user
(CEU), in a single cell is assumed. CCU is assumed to be
located much closer to the BS than CEU. Perfect channel
state information (CSI) is assumed. CCU is assumed to have
higher channel gain compared to CEU. Moreover, to enhance
data reliability and coverage area, CCU is used as decode and
forward (DF) relay for CEU [8]. d1 and d2 are the respective
normalized distances of CCU and CEU from BS. Independent
Rician fading channel coefficients of BS-to-CCU (Link 1), BS-
to-CEU (Link 2), and CCU-to-CEU (Link 4) are denoted as
h1, h2, and h3, respectively. ΩCCU , ΩCEU , and ΩRelay are
the average power of BS-to-CCU, BS-to-CEU, and CCU-to-
CEU link, respectively [8]. ΩCEU < ΩCCU is assumed here.
Moreover, the OAM channel from the BS-to-CCU (Link 3)
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2Fig. 1. System model of CNOMA-OAM scheme.
is denoted as h1,OAM . Moreover, l represents the considered
OAM mode. To reduce attenuation, low number of OAM
mode, i.e. l = 1, is considered [11]. Since OAM has better
performance in line-of-sight (LOS) condition and the user with
better channel condition, that is why OAM is only considered
for CCU in Fig.1 [12]. pN1 , pN2 and pF are the allocated
powers for the CCU, OAM for CCU and CEU respectively.
Where, pF >pN1+pN2 and pN1 = pN2 =
P−pF
2
. P is denoted
as total transmit power [8]. The proposed DL transmission
protocol for CNOMA-OAM scheme is illustrated in Fig. 2.
Where T is the total duration of a time slot for total DL
transmission. According to the proposed protocol, x1 and x2
is transmitted by CNOMA to CCU and CEU respectively in
first time slot of T/2 duration. Moreover, at the same time slot
x3 is transmitted simultaneously to CCU by OAM without any
interference. In the second time slot of T/2 duration, CCU (DF)
relaying x2 to CEU to enhance the reliability.
A. Direct Transmission
According to the CNOMA concept, in first time slot BS
transmits the superposition of two different data symbols x1
and x2 to the CCU and CEU as below
A =
√
pN1Px1 +
√
pFPx2, (1)
where xi denotes the i-th data symbol [8]. The CCU ac-
quires x1 from Eq. (1) by using SIC. The received signal-
to-interference plus noise ratio (SINR) for symbols x1 and x2
at CCU can be achieved as
γ1CCU = ρ|h1|2pN1 , (2)
γ2CCU =
ρ|h1|2pF
ρ|h1|2pN1 + 1
, (3)
where, ρ , P
σ2
is the transmit signal-to-noise ratio (SNR) and
additive white Gaussian noise (AWGN) noise variance is σ2
for all the received signal in this letter [8]. Moreover, x2 is
directly decoded by the CEU. The received SINR for symbol
x2 at CEU is obtained as [8]
γ2CEU =
ρ|h2|2pF
ρ|h2|2pN1 + 1
. (4)
Furthermore, x3 is directly transmitted using OAM (l = 1)
with pN2 to CCU simultaneously. Due to the assumed close
distance between CCU and BS, Rician fading channel is
considered [8]. The NOMA link will not interfere with the
OAM link due to the difference in OAM mode [13-15]. The
received SINR for symbol x3 at CCU can be expressed as
γ3CCU = pN2ρµ
2
k. (5)
Where, µk is the singular value of the OAM channel in
decreasing order. OAM beam has divergence in its high-
intensity region which caused attenuation [15-17]. By using
Fresnel-zone-plate lenses antenna at BS, this issue can be
mitigated without affecting the helical phase profile of OAM
beam [15-17]. The normalized channel matrix h1,OAM can be
expressed as follows [16]
h1,OAM =
e−j2pi(m−1)l
M
. (6)
where m is the index of the receiving antenna and M is
the total number of receiving antennas [16]. Since one OAM
beam is considered here to transmit x3 by OAM, so there
are no possibilities of intersymbol interference or intermodal
interference among the OAM beams for LOS system [16].
B. Relay Transmission
In the second time slot, Link 4 is transmitted with total
transmit power. It is assumed that CCU can perfectly decode
symbol x2 in the first time slot [19]. The received SINR at CEU
for symbol x2 by relaying from the CCU can be expressed as
γRelayCEU = ρ|h3|2P . (7)
C. Sum Capacity
By considering normalized time and total transmit power
(T = 1 and P = 1, respectively), the achievable capacity of
x1 and x2 can be obtained as [8]
Cx1 =
1
2
log2(1 + min(|h2|2, |h1|2)ρ)
− 1
2
log2(1 + min(|h2|2, |h1|2)pN1ρ),
(8)
3Fig. 2. Protocol for the proposed CNOMA-OAM.
Cx2 =
1
2
log2(1 + min(pN1 |h1|2, |h3|2)ρ)). (9)
Furthermore, the capacity of x3 by OAM beam can be acquired
as below
Cx3 =
1
2
log2(1 + pN2ρµ
2
k). (10)
where, K is the rank of the OAM channel matrix [16,21]. So,
the sum capacity is given by
CCCU = E[Cx1 ] + E[Cx3 ], (11)
CCEU = E[Cx2 ], (12)
Csum = CCCU + CCEU , (13)
where, E[.] represents the expectation operator. Whereas,
CCCU and CCEU are the capacity of CCU and CEU for
the proposed CNOMA-OAM scheme. The CNOMA-OAM
scheme is compared with conventional CNOMA and OMA-
OAM scheme as well over Rician fading channel. So the OMA-
OAM is scheme is described in following subsection.
D. OMA-OAM Scheme
For the OMA case, time division multiple access (TDMA)
is considered. In this case, BS transmits information signal for
CCU and CEU independently in different time slots with total
transmit power P . The different time slots allocated for CCU
and CEU for different symbols (e.g. x1, x2 and x3) and relay
for x2 are denoted as t1, t2, t3 and t4 respectively. Moreover,
since T = 1 is considered here so total time slot is equally
splitted for each time slot for OMA-OAM scheme. Hence, t1 =
t2 = t3 = t4 =
1
4
is considered here. So, the achievable
capacity of x1 and x2 can be achieved as below for the OMA-
OAM scheme [8,19-20]
COMAx2 =
1
4
log2(1 + min(|h2|2, |h1|2)Pρ), (14)
COMAx2 =
1
4
log2(1 + min(P |h1|2, |h3|2)ρ)), (15)
Furthermore, the achievable capacity of x3 by OAM beam can
be acquired as below for OMA-OAM scheme [16-20]
COMAx3 =
1
4
log2(1 + Pρµ
2
k). (16)
So, the SC of OMA-OAM scheme can be achieved by the
following equation [8,19-20]
COMACCU = E[C
OMA
x1 ] + E[C
OMA
x3 ], (17)
COMACEU = E[C
OMA
x2 ], (18)
COMAsum = C
OMA
CCU + C
OMA
CEU , (19)
where E[.] represents the expectation operator. Moreover,
COMACCU and C
OMA
CEU are the capacity of CCU and CEU for OMA-
OAM scheme.
III. CAPACITY ANALYSIS
In this section, closed form solution of the sum capacity of
the proposed CNOMA-OAM over independent Rician fading
channels is presented. Let z1 , min(|h1|2, |h2|2) and z2 ,
min(pN1 |h1|2, |h3|2) [10]. So, the CDF of z1 as
F (z1) = 1−AxAy
∞∑
k=0
∞∑
n=0
B˜x(n)B˜y(k)
Γ(n+ 1, axz1)Γ(k + 1, ayz1) (20)
where Bx(n) = (Knx (1 + Kx)n)/(Ωnx(n!)2), By(k) =
(Kny (1 + Ky)
k)/(Ωky(k!)
2), ax = (1 + Kx)/ωx, ay = (1 +
Ky)/Ωy , B˜x(n) = Bx(n)/an+1x and B˜y(k) = By(k)/ak+1y .
The subscript x denotes BS to CEU link, y denotes BS to
CCU link and w denotes CCU to CEU link respectively [8].
Similarly, the CDF of z2 can be obtained as below from [8]
G(z2) = 1−AwAy
∞∑
n=0
∞∑
k=0
B˜w(n)B˜y(k)
Γ(n+ 1, awz2)Γ(k + 1, ay/pN1z2) (21)
where parameters are defined as Eq. (16) which is expressed
as before. So, the exact expression of Cx1 can be obtained as
below [10],
Cexactx1 =
1
2ln2
(D(ρ)−D(pN1ρ)), (22)
where D(ρ) is expressed as [8]
D(ρ) = AxAy
∞∑
k=0
∞∑
n=0
B˜x(n)B˜y(k)n!k!
n∑
i=0
k∑
j=0
(i+ j)
i!j!
aix + a
j
y
ρ(i+ j)
e
ax+ay
ρ Γ(−i− j, ax + ay
ρ
)) (23)
4Fig. 3. SC comparisons with respect to pN2 .
Moreover, D(pN1ρ) can be derived as D(ρ). Similarly, the
exact expression of Cx2 can be derived as [8]
Cexactx2 =
1
2ln2
AwAy
∞∑
k=0
∞∑
n=0
B˜w(n)B˜y(k)n!k!
n∑
i=0
k∑
j=0
(i+ j)
i!j!
aiw + (ay/pN1)
j
ρ(i+ j)
e
aw+(ay/pN1
)
ρ Γ(−i− j, aw + (ay/pN1)
ρ
)
(24)
Moreover, the OAM channel is performing at LOS communi-
cation for the CCU and CCU has better channel condition than
CEU as well. So, the exact expression of Cx3 by OAM can be
achieved as below [9,12,16-17]
Cexactx3 =
1
2
log2(1 + pN2ρµ
2
k). (25)
From Eq. (22), Eq. (24) and Eq. (25), the sum capacity can be
achieved as
CexactCCU = E[C
exact
x1 ] + E[C
exact
x3 ], (26)
CexactCEU = E[C
exact
x2 ], (27)
Cexactsum = C
exact
CCU + C
exact
CEU , (28)
where E[.] represents the expectation operator. Moreover,
CexactCCU and C
exact
CEU are the exact capacity of CCU and CEU
for the proposed CNOMA-OAM scheme.
IV. NUMERICAL RESULT ANALYSIS
The Rician fading parameters are considered as KSR =
KRD = 5, and KSD = 2 [8]. In addition, d1 = 0.5 and d2 =
1 are considered for all simulation result analysis. ΩCEU =
9 < ΩCCU = ΩRelay = 36 are considered for simulation [8].
Furthermore, P = 1 is assumed here for simulation purpose.
The impact of the allocated power of the OAM beam over
the SC for CNOMA-OAM is analyzed in Fig.3. ρ = 15dB
Fig. 4. Capacity comparisons of CCU with respect to SNR.
Fig. 5. Capacity comparisons of CEU with respect to SNR.
Fig. 6. SC comparisons with respect to SNR.
and pF = 0.6 are considered for SC versus pN2 comparison
for the proposed scheme. As presented in the Fig. 3, pN2 =
0.2 provides optimum SC for the proposed CNOMA-OAM
scheme. Hence, pN1 = 0.2, pN2 = 0.2, and pF = 0.6 are
considered for capacity vs SNR comparison.
The capacity comparisons of CCU and CEU with respect
5to SNR is shown in Fig.4 and Fig.5 for the proposed and
other conventional schemes. Moreover, SC comparison of
CNOMA-OAM and other schemes are demonstrated in Fig. 6.
CNOMA-OAM scheme provides higher SC than conventional
CNOMA and OMA-OAM which is shown in Fig.6. Whereas,
SC is the addition of capacity of CCU and CEU. So, the
capacity enhancement of CCU in case of proposed scheme
can be achieved by utilizing an additional OAM channel to
transmit x3 from BS to CCU simultaneously in the first time
slot which is shown in Fig.4. However, OMA-OAM provides
slightly higher capacity at CCU than CNOMA-OAM due to full
power transmission. The achieved capacity of CEU is same for
CNOMA-OAM and conventional CNOMA which is shown in
Fig. 5. Moreover, CNOMA-OAM provides significantly higher
capacity than OMA-OAM which illustrates in Fig. 5 as well.
As a result, the SC is enhanced for the CNOMA-OAM scheme
by utilizing the CNOMA and OAM concept effectively. The
analytical results of the proposed CNOMA-OAM scheme are
also validated by the Monte-Carlo simulation results.
V. CONCLUSION
In this letter, CNOMA-OAM is proposed to enhance SC.The
numerical result analysis showed that the proposed CNOMA-
OAM provides a significantly higher SC than other schemes
over the Rician fading channel. The provided analytical results
are justified by the simulation results. The optimum transmitted
power for OAM beam in proposed CNOMA-OAM is also
analyzed. For future work, CNOMA-OAM-based simultaneous
wireless information and power transfer can be studied.
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